Mechanisms for H 2 dissociation on metal oxides have been typically inferred from the infrared spectra of reaction products on the basis of the presence or lack of M-H fingerprints. Here, we demonstrate by means of Density Functional Theory that oxides with polar M-O bonds favor heterolytic dissociation. Moreover, we report that the resulting heterolytic product can further evolve to the homolytic one provided that metal ions are reducible. Hence, it follows that the redox capacity of the metal determines the reaction outcome. This finding sheds light on why both M-H and O-H bands appear in the infrared spectra of non-reducible oxides such as MgO or γ-Al 2 O 3 , while only O-H bands are observed for reducible oxides like CeO 2 . It results in a unified mechanism for polar oxides that can be generalized to other materials exhibiting significant charge separation. Importantly, we also show that the low activity of CeO 2 towards Page 1 of 21
3 experimental evidences for the products do not ensure that the activation mechanism can be successfully traced back.
For the present study, we chose ceria, CeO 2 , as a representative reducible MO x ( Figure 1 ).
Ceria participates in a number of industrially attractive applications involving H 2 formation or dissociation such as ethanol steam reforming, 9-10 the water-gas shift reaction, [11] [12] and the selective hydrogenation of alkynes. [13] [14] Furthermore, CeO 2 has a prominent role in several oxidation processes like three-way automotive-exhaust catalysis, 15 solid oxide fuel cells, [16] [17] or
HCl oxidation. [18] [19] These applications depend in turn on the oxygen storage capacity, which is directly linked to the presence of oxygen vacancies that can be created by reduction with H 2 . 
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The above PBE+U methodology was compared with benchmark calculations using the HSE06 hybrid functional developed by Heyd−Scuseria−Ernzerhof, 44 see Table S1 . As hybrid functionals are computationally much more demanding than DFT+U, calculations with the HSE06 functional were carried out with a reduced cutoff energy of 400 eV and with a Г−point sampling.
The resulting energies with this hybrid functional are very similar to those obtained with PBE+U, which supports the good performance of the latter methodology. 
Results and discussion
We first investigated the homolytic and heterolytic pathways for H 2 dissociation on the most exposed CeO 2 (111) surface. The energy profiles obtained for these two paths are shown in Figure 2 . In both mechanisms, the initial interaction between H 2 and the regular ceria surface (I1/I1') was found to be thermoneutral, with only slightly elongated H-H bond distances (less than 1 %). In the case of the homolytic precursor (I1), the H 2 -surface interaction concerns only one of the two hydrogen atoms and a surface O atom, whereas in the heterolytic precursor (I1') both hydrogens interact with the surface through Ce and O centers.
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Therefore, the higher the reduction potential of the cation is the lower the energy penalty for TS2 will be. That is to say, this reaction channel linking the heterolytic and homolytic pathways is only accessible for reducible oxides. Proof of it is that only the heterolytic product is obtained in Similarly to the unstrained surface, heterolytic dissociation dominates in all the investigated cases, though depending on the type of strain, the energetics of the two paths are affected in a different way. In particular, lattice expansion lowers both energy barriers for H 2 dissociation, while the contrary happens for compressive strains. Then H 2 activation rate is improved by 4 orders of magnitude upon strain at typical hydrogenation temperatures (T = 373 K). To get a deeper insight into the origin of these trends, we calculated the center (weighted average) of the O(2p) band in the PDOS of the different strained surfaces, which has been reported to be a good descriptor for the Lewis basicity of O atoms. 48 The H 2 activation energies as a function of the Page 10 of 21
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 center of the O(2p) band are presented in Figure 4 . Interestingly, for both dissociative processes a linear relationship between the activation energy and oxygen basicity exists. The reason behind the enhanced activity is that lattice expansion shifts the O(2p) band closer to the Fermi level, which improves the basicity of O atoms making them more prone to accept the protons derived from H 2 activation. Moreover, it should be noted that the slope of the line for the homolytic pathway is considerably higher than that for the heterolytic one, which underlines the stronger dependency of this mechanism on the basicity of O atoms. This is perfectly consistent with the geometries and slopes for the two dissociative trajectories (Figures 2 and 4) as two oxygen atoms are involved in the homolytic dissociation, while only one in the heterolytic process. Table S3 .
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Conclusions
In summary, our analysis points out that dissociative H 2 adsorption on CeO 2 takes place through a heterolytic pathway followed by the transfer of a H atom that finally yields the homolytic product. This mechanism accounts for the reported final product, but it is conceptually different from the so far presumed homolytic pathway. Hence, this finding warns that experimental evidences of the reaction products might be deceptive for the assignment of the operating mechanism. Besides, we provide the basis for predicting the outcome of H 2 dissociation on any MO x , showing that both the polarization of the M-O bond and the redox capacity of the metal ions are decisive to understand the activation mechanism and the nature of the products. We also report that this reaction can be tuned upon lattice strain. In particular, we predict that lattice expansion improves reactivity due to the superior basicity of the surface O atoms when stretched.
These results can be extended to the dissociation of other rather inert bonds like C-H, for which homolytic and heterolytic mechanisms can be also envisaged.
Overall, this work demonstrates that the use of computational methods is crucial for elucidating and shaping our current comprehension of reaction mechanisms. Furthermore, it proves that theory has unique capacities in the description of subtle concepts for which the indirect evidence provided by experiments cannot be conclusive. The knowledge acquired herein Page 12 of 21
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